There have been many reports exploring the engineering of the cofactor specificity of aldo-keto reductases (AKRs), as this class of proteins is ubiquitous and exhibits many useful activities. A common approach is the mutagenesis of amino acids involved in interactions with the 2′-phosphate group of NADP(H) in the cofactor binding pocket. We recently performed a 'loopgrafting' approach to engineer the substrate specificity of the thermostable alcohol dehydrogenase D (AdhD) from Pyrococcus furiosus and we found that a loop insertion after residue 211, which is on the back side of the cofactor binding pocket, could also alter cofactor specificity. Here, we further explore this approach by introducing single point mutations and single amino acid insertions at the loop insertion site. Six different mutants of AdhD were created by either converting glycine 211 to cysteine or serine or by inserting alanine, serine, glycine or cysteine between the 211 and 212 residues. Several mutants gained activity with NADP + above the wild-type enzyme. And remarkably, it was found that all of the mutants investigated resulted in some degree of reversal of cofactor specificity in the oxidative direction. These changes were generally a result of changes in conformations of the ternary enzyme/cofactor/substrate complexes as opposed to changes in affinities or binding energies of the cofactors. This study highlights the role that amino acids which are distal to the cofactor binding pocket but are involved in substrate interactions can influence cofactor specificity in AdhD, and this strategy should translate to other AKR family members.
Introduction
The aldo-keto reductase (AKR) superfamily is comprised of over 100 oxidoreductases with importance in both health and industrial applications (Sanli et al., 2003) . They are found in all organisms and play an important role in many physiological processes. All AKRs share a common (α/β) 8 -barrel (also known as triphosphate isomerase motif (TIM barrel)) three dimensional structural motif and they utilize NAD(P)(H) as a cofactor. The active sites of the AKRs bind the cofactor in an extended conformation within a cleft that runs through the carboxy-terminal face of barrel, which is unlike other nicotinamidedependent dehydrogenases that contain the Rossman-fold motif.
The AKRs are generally categorized into three classes. Class I is the most studied and includes mammalian AKRs, which catalyze steroid and prostaglandin metabolism (Penning, 1999; Cooper et al., 2007) . Members belonging to this class have long substrate binding loops, which confer specific substrate specificity to AKRs. Class II comprises aldo reductases (ARs), which catalyze interconversion of glucose to sorbitol and have been studied as drug targets for the treatment of diabetes (Kubiseski and Flynn, 1995) . Class III AKRs are not yet assigned specific functions, but they have truncated substrate binding loops (Ellis, 2002) . One of the enzymes belonging to Class III is the alcohol dehydrogenase D (AdhD) from the hyperthermophilic archea Pyrococcus furiosus (Fig. 1 ). This reversible enzyme has been well-characterized by our group and others (Machielsen et al., 2006; Campbell et al., 2010 Campbell et al., , 2013 and we have been engineering various aspects of AdhD for several years (Solanki et al., 2016) .
Engineering of the cofactor specificity of dehydrogenases has been of interest not only to understand the properties of the cofactor binding site, but also to redesign enzymes for various applications. The only difference between NAD(H) and NADP(H) is the 2′-monophosphate group attached to the ribose ring of the adenine moiety. The cofactor specificity of an AKR is thought to be determined by the presence of favorable interactions between the 2′-monophosphate group of NADP(H) and amino acids in the cofactor binding pocket. Generally, alteration in cofactor specificity can be achieved by systematic site-directed mutagenesis of the side chains interacting with the 2′-phosphate group of NADP(H) and investigating the effect of mutations on cofactor specificity (Medina et al., 2001; Banta et al., 2002; Leitgeb et al., 2005; Hsieh et al., 2006; Brinkmann-Chen et al., 2013; Maddock et al., 2015) . For example, Banta et al. made site-directed mutations at every amino acid that interacted with the 2′-phosphate group in the 2,5-diketo-D-gluconic acid reductase (2,5-DKGR) from Corynebacterium, and mutants were identified with cofactor specificity broadening such that mutants with NAD(H) were more active than wild type with NADP(H) (Banta et al., 2002; Sanli et al., 2004) . Computational strategies for altering enzymes for cofactor preference have also been explored (Khoury et al., 2009; Xia et al., 2013; Cui et al., 2015) . Xia et al. (2013) utilized a molecular simulations approach to construct a 3D structure model of xylose reductase to obtain favorable binding modes for both cofactors NAD + and NADP + based on hydrophobic and hydrophilic interactions. Others have used in silico approaches to calculate cofactor binding energy approximations and strength of hydrogen bond interactions to predict the relative affinity of an enzyme for the cofactor (Khoury et al., 2009; Cui et al., 2015) . All these reports, whether computational or experimental, utilize direct interactions (i.e. electrostatic, hydrophilic, hydrobhobic, hydrogen bonding or steric) to stabilize or destabilize the 2′-phosphate group of NADP(H) in the cofactor binding pocket. We have also used this approach to engineer the cofactor specificity of AdhD, which has a natural preference for NAD(H) especially in the reductive direction. Lys249 and His255, which bind to the 2′-phosphate of NADP(H), were mutated to Gly and Arg, respectively, leading to cofactor specificity broadening with increased activity with both cofactors in the reductive direction (Campbell et al., 2010) (Fig. 1b) .
There have also been a few reports of engineering cofactor specificity of various oxo-reductases by making mutations distal to the 2′-phosphate group of NADP(H) (Bastian et al., 2011; Cahn et al., 2016) . Cahn et al. (2016) demonstrated that cofactor specificity of several NAD(P)H-dependent enzymes can be altered by mutating amino acids distal to 2′ position of ribose, located within 5 Å of the N6 atom of NAD(P)(H) adenine. They have shown that single mutations at distal positions were beneficial for changing cofactor specificity in several enzymes with Rossmann and DHQS folds, but this approach did not work with the TIM barrel fold found in the AKRs.
Substrate specificity in the AKRs is imparted by three mobile loops A, B and C located at the top of the (α/β) 8 barrel structure. Sequence alignments between Class I mesophilic AKRs and Class III thermophilic AdhD indicated that they differ at the substrate loops A, B and C (Fig. 1a) . Loops A and B are significantly truncated in AdhD while loop C is absent. We recently reported the grafting of loops from mesophilic human aldose reductase (hAR, Class I) onto the AdhD core protein and this led to the grafting of hAR activity into the AdhD scaffold. And surprisingly, this loop-grafting approach led to a loss of NAD + -dependent activity while retaining NADP + -dependent activity in two mutants. Thus, the grafted loops led to a significant change in cofactor specificity in the oxidative direction as compared to the wild-type enzyme (Campbell et al., 2013) . The most active mutants were then combined with the previously identified K249G/H255R cofactor specificity mutations (which interact with the 2′-phosphate group of NADP(H)) and surprisingly the impacts were not additive as these combined mutations inactivated the enzyme (Fig. 1b) . This led to the conclusion that there were two orthogonal pathways to altering cofactor specificity in AdhD-alter interactions with the 2′-phosphate of NADP(H) or insert new amino acids in a loop on the substrate binding site distal to the cofactor binding pocket to reduce NAD + -dependent activity (Campbell et al., 2013) . Based on this prior work, here we have investigated the minimal mutations or insertions required for altering the cofactor specificity in the oxidative direction at the loop B insertion site. A homology model of AdhD (Fig. 1a) shows the location of loop B on the distal side of the cofactor binding pocket from the 2′-phosphate group of NADP(H). We have investigated single point mutations by converting Gly211 to Ser or Cys and inserting single amino acids (Ala, Gly, Ser or Cys) between the 211 and 212 positions. The effect of these mutations on cofactor specificity was determined, and we found that all of the site-directed mutations (Fig. 1c) or single amino acid insertions (Fig. 1d) at the 211 position resulted in reversal of cofactor specificity in the oxidative direction. 
Materials and methods

Site-directed mutagenesis
Mutants G211S, G211C, and the insertion of Ala, Gly, Ser or Cys between 211 and 212 residues (termed G211InsA, G211InsG, G211InsS and G211InsC, respectively) were created by site-directed mutagenesis of the wild-type AdhD gene in pET-20b vector (Machielsen et al., 2006) using the Phusion high-fidelity DNA polymerase. Sequences of the primers used are given in Supplementary Information. All mutations and insertions were verified by DNA sequencing.
AdhD expression and purification
Expression and purification of AdhD and mutants were performed using a previously established protocol (Campbell et al., 2010) . A single colony harboring the wild-type AdhD or mutant plasmid was expanded in 10 ml of Luria-Bertani (LB) media supplemented with 0.1 mg/ml of ampicillin and grown overnight at 37°C with shaking at 200 rpm. The overnight cultures were then transferred into 1 l of LB medium containing 0.1 mg/ml ampicillin and grown at 37°C with shaking at 200 rpm until the O.D. reached 0.6. Cultures were then induced with 0.5 mM of IPTG followed by overnight incubation at 25°C shaken at 200 rpm. Cells were harvested by centrifugation at 5000 g for 20 min, resuspended in 30 ml of Tris-HCl (pH 7.5), and were lysed by incubating at 80°C for 1 h. Endogenous proteins and cell debris were removed by centrifugation at 10 000 g for 30 min. Supernatant was concentrated using a 30 KDa MWCO centrifugal filter before being loaded onto a gel filtration column with 20 mM Tris-HCl (pH 7.5) containing 100 mM NaCl as an equilibrating and eluting buffer at a flow rate of 1.5 ml/min. Fractions containing active enzyme solutions were pooled and concentrated to working concentration in 20 mM Tris-HCl buffer (pH 7.5) before use.
Protein concentrations and purity
The protein concentrations were determined using a Pierce Commassie (Bradford) protein assay kit with bovine serum albumin as a standard protein. Homogeneity of purified AdhD and the mutants were determined by using NuPAGE 4-12% Bis-Tris Gels with a Novex MiniCell system using novex sharp pre-stained protein standards for molecular weight estimation. Samples were prepared as described previously (Machielsen et al., 2006) .
Protein denaturation studies
Thermal denaturation of wild-type AdhD and mutants was studied by measuring circular dichroic absorbance at 222 nm between 25°C and 90°C with rate of 1°C/min. Of note, 1 ml of 5 µM protein samples were made in 10 mM phosphate buffer, pH 8.0 and spectra were recorded using JascoJ-815 spectrometer.
Homology modeling
A homology model of AdhD and its mutants were generated using SWISS MODEL (Guex and Peitsch, 1997) using Prostaglandin F synthase from Trypanosoma brucei (1VBJ, 40.26% identities). The homology models were aligned with the structure of 2,5-DKGR from Corynebacterium (1A80 with bound NADPH, 1M9H with bound NADH) (Sanli et al., 2004) and the interactions of cofactor with mutants were explored using PYMOL. Figure 1 was generated using PYMOL.
Kinetic parameter estimation
The full kinetic parameters of AdhD and the mutants were determined for the oxidation reaction with both NAD + and NADP + by using previously described methodology (Campbell et al., 2010) . Briefly, initial rates at 45°C were measured using a SpectraMax M2 plate reader by following the production of NAD(P)H at 340 nm (ε = 6.22 per mM/cm).
Initially, kinetics of all the mutants were studied by using reaction mixtures containing 1-100 mM 2,3-butanediol and an appropriate amount of enzyme in 50 mM glycine-NaOH buffer (pH 8.8).
Mixtures were incubated in a 96-well plate at 45°C and the reactions were initiated by addition of 1-1000 µM NAD(P)H. For some mutants (G211S, G211C, G211InsA and G211InsS), with NAD + as a cofactor, the K A or K B values were observed to be higher than the maximum concentration of substrate or cofactor utilized. So, for mutants G211S, G211C, G211InsA and G211InsS, kinetic data were also measured using assay reaction mixtures containing 1-450 mM 2,3-butanediol and 1-5500 µM NAD + . Control reactions in the absence of enzyme confirmed that cofactor degradation was insignificant at 45°C over the timescale used. Data were collected in at least triplicate and were fit to the ordered bi-bi rate equation (Equation (1)) (Segel, 1993; Wheeldon et al., 2009 ) using nonlinear least-squares regression (Igor Pro, Wavemetrics, Inc., Portland, OR, USA). Errors are reported as standard errors.
Fluorescence titrations
Dissociation constants for cofactor binding were determined using fluorescence titrations (Jackman et al., 1992; Campbell et al., 2010) . Briefly, 1 ml of 3 µM enzyme (in 50 mM glycine-NaOH buffer, pH 8.8) was stirred in a 1 cm quartz cuvette at 45°C in a J-815 Spectrometer (Jasco, Inc., Easton, MD, USA) equipped with a Peltier junction temperature control and titrated with NAD(P) + in solution.
Samples were excited at 280 nm and fluorescence changes were monitored at 330 nm. Concentrations of cofactor were chosen so that total volume of cofactor added was <2% (v/v) of the total reaction volume. Experiments were performed in triplicate and data were fit to a saturation adsorption isotherm (Equation (2)) using Igor Pro.
Cofactor binding energies
Changes in the cofactor binding energies in the ground-state (ΔΔG b ) and transition-state (ΔΔG b ≠ ) were calculated from Equations (3) and (4) (Fersht, 1985) utilizing cofactor dissociation constants and steadystate kinetic parameters. R is the gas constant (1.9872041 cal/mol/K) and T is temperature (318 K).
Results
Expression, purification and thermostability of AdhD and mutants
Six different mutants were created by single amino acid mutation or insertion in the AdhD gene. The mutations were G211C and G211S (Fig. 1c) . The insertion mutants were G211InsA, G211InsG, G211InsC and G211InsS (Fig. 1d ). After expression in E. coli, proteins were first purified by incubation at high temperature in order to exploit the thermostability of the AdhD structure. Following gel filtration chromatography, the proteins were purified to >98% as observed on SDS-PAGE ( Supplementary Fig. S1 ). The effect of mutations on thermostability of AdhD was studied by monitoring far UV circular dichroic spectra at 25°C and 80°C ( Supplementary   Fig. S2 ). Just as is observed with the wild type, no apparent structural unfolding was observed for any of the mutants at 80°C.
Homology modeling
Homology models of AdhD and the mutants were generated and interactions with the cofactors were analyzed by aligning homology models with the crystal structure of a similar AKR (2,5-DKGR) containing bound NADP(H) using PYMOL. Lys249 and His255 of AdhD are known to have favorable interactions with 2′-phosphate group of NADP(H) (Campbell et al., 2010) . Analysis of the homology models of all mutants suggested that interactions with these amino acids are not affected by the mutations or insertions at loop B (Fig. 1b-d ).
Fluorescence titrations
Fluorescence titration measurements were performed at 45°C to determine cofactor dissociation constants (K Ds ) for the oxidized cofactors by the AdhD mutants. 
Steady-state kinetic analyses
Steady-state kinetic experiments were carried out in the oxidative direction for all the mutants and wild-type AdhD using either NAD + or NADP + as a cofactor (Tables I and II) . With NAD + , three mutants G211S, G211InsG and G211InsS exhibited improvement in k cat over the wild-type enzyme. G211InsG and G211InsS mutant exhibited 2.5-fold enhancement in the k cat value and mutant G211S showed 1.5-fold enhancement over wild type. The mutant with Cys insertion, G211InsC, exhibited the lowest k cat value with a 6-fold decrease as compared to the wild-type AdhD. The impact on the activity with NADP + was even greater, as all the mutants exhibited improvement over wild type. Mutants with Ala and Ser insertion showed a 29-fold increase in k cat , respectively (Table II ). An order of magnitude improvement was observed for others mutants as well. (Campbell et al., 2010) . In order to simplify the comparison of the impacts of the mutations on the steady-state kinetics, the individual microscopic rate constants for the reaction mechanism were calculated according to Equation (5) (Tables I and II ). In the case of NAD + , the on-rate of cofactor (k ss 1 ) was found to decrease in all of the mutants except for the G211S and insertion of Gly (G211InsG), which was measured to be 0.040 and 0.022 per µM/s, respectively, as compared to 0.011 per µM/s for wild-type AdhD. The mutant with the Ala insertion (G211InsA) showed a similar k ss 1 as that of wild type. The off-rate of cofactor (k ss 2 ) increased for all the mutants except G211C and G211InsS. The off-rate value for the mutant with the Cys insertion (G211InsC) was measured to be similar to that of the wild-type enzyme. An~6-fold increase in the off-rate was observed for mutant G211S and 3-4-fold for the Ala (G211InsA) and Gly insertion (G211InsG) mutants. All of the mutants demonstrated decreases in the on-rate of the substrate (k ss 3 ) after binding NAD + as a cofactor, with decreases between 32-fold and 46-fold for mutants, G211InsA, G211InsS, G211InsC and G211C. The highest decrease of 46-fold was shown by G211C. The composite rate constant (k 1 k 3 /k 2 ) ss is a useful parameter that can be used to compare the catalytic performances of ordered bi-bi enzymes (Banta et al., 2002) . All of the mutants resulted in substantial decrease in catalytic performance with NAD + (Table I ). The catalytic performance decreased by two orders of magnitude for G211C and G211InsC. Mutants, G211InS and G211InsA exhibited 28-fold and 100-fold decreases, respectively. The G211InsG exhibited the highest catalytic performance among mutants, but the value was still only 13% of the wild-type value.
With NADP + as a cofactor, all of the mutants produced an increase in both the on-rate (k ss 1 ) and the off-rate constants (k ss 2 ) for the cofactor, except mutant G211InsC and G211InsA, which showed a decrease in values compared to the wild type (Table II) . Mutants G211S, G211C, G211InsS and G211InsG exhibited between 2-fold and 4-fold enhancement for both k ss 1 and k ss 2 (Table II) . The net on-rate of the substrate following NADP + -binding (k ss 3 ) increased by~2-fold for mutants G211S and G211InsG and decreased by 7-fold for G211InsA. The G211InsC and G211InsS mutants showed similar net on-rates to wild type, whereas G211C showed a 40% decrease. The mutants that showed an increase in the net on-rate of substrate with NADP + were G211S
and G211InsG, both with 0.31 × 10 −3 per µM/s compared to 0.16 × 10 −3 per µM/s for the wild type. G211S also exhibited a 2-fold improvement in overall catalytic performance (k 1 k 3 /k 2 ) ss . In terms of catalytic performance with NADP + , the least active mutant was G211InsA, which decreased by 6-fold as compared to the wild-type AdhD. The catalytic performances of G211InsC and G211InsS were similar to that of wild type. 
+ ⇄ + → ( )
Wild type 11 ± 1 2.6 ± 0.4 230 ± 50 12 ± 6 0.011 ± 0.003 0.12 ± 0.04 0.21 ± 0.11 20 ± 11 G211S 19 ± 1 4.0 ± 0.6 100 ± 40 100 ± 20 0.040 ± 0.017 0.76 ± 0.33 0.040 ± 0.010 2.1 ± 0.5 G211C 37 ± 4 1.1 ± 0.1 480 ± 70 240 ± 40 0.0023 ± 0.0004 0.087 ± 0.017 0.0046 ± 0.0009 0.12 ± 0.02 G211InsG 23 ± 3 6.5 ± 0.5 290 ± 50 110 ± 10 0.022 ± 0.004 0.51 ± 0.12 0.059 ± 0.007 2.6 ± 0.5 G211InsC 33 ± 6 0.43 ± 0.02 97 ± 13 76 ± 6 0.0044 ± 0.0006 0.15 ± 0.03 0.0057 ± 0.0005 0.17 ± 0.04 G211InsA 31 ± 5 1.7 ± 0.3 120 ± 10 260 ± 110 0.014 ± 0.003 0.44 ± 0.11 0.0065 ± 0.0030 0.21 ± 0.10 G211InsS 8.6 ± 1.0 6.7 ± 2.3 1600 ± 600 1100 ± 500 0.0042 ± 0.0022 0.036 ± 0.019 0.0061 ± 0.0035 0.71 ± 0.41 K249G/ H255R a 45 ± 2 1 5± 2 460 ± 60 690 ± 80 0.033 ± 0.006 1.5 ± 0.3 0.022 ± 0.004 0.48 ± 0.09
Oxidation reactions were performed at 45°C in 50 mM glycine-NaOH buffer (pH 8.8) with 2,3-butanediol as a substrate. K D is the cofactor dissociation constant as determined by fluorescence titrations, K A and K B are Michaelis constants for cofactor and substrate, respectively. For mutants G211S, G211C, G211InsA and G211InsS, kinetics data were measured using higher substrate and cofactor concentrations as described in the 'Materials and Methods' section. Reactions were performed in at least triplicate, and errors shown are standard errors of at least three independent measurements.
Rate constants calculated from relationships:
The K249G/H255R mutant data were determined by Campbell et al. (2010) under identical conditions. 
Wild type 64 ± 2 0.073 ± 0.002 7.4 ± 0.9 0.44 ± 0.10 0.0098 ± 0.0012 0.63 ± 0.08 0.16 ± 0.04 2.6 ± 0.6 G211S 67 ± 4 0.29 ± 0.01 15 ± 2 0.91 ± 0.16 0.019 ± 0.02 1.3 ± 0.2 0.31 ± 0.06 4.7 ± 0.9 G211C 65 ± 3 0.92 ± 0.07 25 ± 9 9.6 ± 2.5 0.037 ± 0. Oxidation reactions were performed at 45°C in 50 mM glycine-NaOH buffer (pH 8.8) with 2,3-butanediol as a substrate. K D is the cofactor dissociation constant as determined by fluorescence titrations, K A and K B are Michaelis constants for cofactor and substrate, respectively. Reactions were performed in at least triplicate, and errors shown are standard errors of at least three independent measurements.
Rate constants calculated from relationships: k
The K249G/H255R mutant data were determined by Campbell et al. (2010) under identical conditions.
The wild-type AdhD enzyme is able to use both cofactors in both directions, but it exhibits a strong preference for NADH over NADPH in the reductive direction (Campbell et al., 2010) ) ratios compared to wild-type AdhD. Mutants G211S and G211InsG showed an enhancement of~3-fold and for mutants G211InsS, G211C and G211InsA, the enhancement observed was 11-, 30-and 43-folds, respectively. The G211InsC mutant possessed the highest k cat (NADP + )/k cat (NAD + ) ratio of 2.0, which is 71 times higher than the wild-type enzyme and more than 6-fold higher than the K249G/H255R mutant (Table III) . In contrast to the large changes seen in the k cat values, all of the
ratios were of the same order of magnitude as the wild-type enzyme. The Michalis constants for the enzymes were more affected by the mutations. The G211C and G211InsS had K A (NADP ) ratio of 0.037, which was similar to the G211C mutant value of 0.040. The values for G211InsG and G211InsS were~40% of the wild-type values while the values for G211InsC and G2111InsA were 2-and 9-fold higher than the wild type.
The (k 1 k 3 /k 2 )
provides a clear comparison of the catalytic efficiencies of ordered bi-bi enzymes with the different cofactors. Cofactor specificity reversal was observed with every mutant explored (Table III) . The value for the wild type is 0.13, and this increased for every mutant explored with the biggest changes seen with the G211C and G211InsC mutants exhibiting a two orders of magnitude increase with a value of 12 for each (Table III, Fig. 2 ).
Cofactor binding energies
Changes in the ground-state and transition-state binding energies of the cofactors and the mutants compared to the wild-type enzyme were calculated from cofactor dissociation constants and kinetic data using Equations (3) and (4), respectively (Tables IV and V) . With NAD + as a cofactor, all of the mutants lost ground-state binding energy ranging from 0.35 to 0.76 kcal/mol except for G211InS, which gained 0.15 kcal/mol. The transition-state binding energies with NAD + were more variable, with G211S, G21InsG and
G211InsA gaining energies and G211C, G211InsC and G211InsS losing binding energies with the biggest changes in ground-state and transition-state binding energies observed for G211C (0.76 and 1.0 kcal/mol, respectively). Similar results were seen with the previously described K249G/H255R mutant (Campbell et al., 2013) , which lost 0.88 kcal/mol of ground-state energy but gained 0.67 kcal/mol transition-state binding energy (Table IV) . With NADP + , the G211InsC mutant showed the maximum change of 0.12 kcal/mol in the ground-state binding energy. With NADP + as a cofactor, the changes in ground-state binding energy were smaller, with G211InsG and G211InsC exhibiting the largest losses of 0.10 and 0.12 kcal/mol. The transition-state binding energy changes were larger, with G211C and G211InsS showing the highest gains of 0.84 and 0.74 kcal/mol, respectively (Table V) . These results are much different from what was observed with the K249G/ H255R mutant (Campbell et al., 2013) , which gained 2.9 kcal/mol of ground-state energy and gained 1.1 kcal/mol transition-state binding energy (Table V) .
Discussion
Enzymes of the AKR superfamily generally exhibit cofactor specificities and there have been a number of reports aiming to explore the 
Wild type 5.8 ± 0.7 0.028 ± 0.004 0.032 ± 0.080 0.037 ± 0.020 0.13 ± 0.08 G211S 3.5 ± 0.3 0.072 ± 0.011 0.15 ± 0.06 0.0091 ± 0.0024 2.2 ± 0.7 G211C 1.7 ± 0.2 0.83 ± 0.09 0.052 ± 0.020 0.040 ± 0.012 12 ± 4 G211InsG 3.3 ± 0.5 0.081 ± 0.017 0.12 ± 0.10 0.014 ± 0.005 1.7 ± 0.7 G211InsC 2.4 ± 0.5 2.0 ± 0. The K249G/H255R mutant data were determined by Campbell et al. (2010) under identical conditions. basis of this molecular recognition (Medina et al., 2001; Banta et al., 2002; Leitgeb et al., 2005; Liu et al., 2014; Maddock et al., 2015) The general approach in all of these reports has been to apply site-directed mutagenesis to the amino acids interacting with the cofactor, especially those that interact with the 2′-phosphate group of NADP + . While studying the structural differences between a mesophilic AKR (human aldose reductase) and the thermophilic AdhD, our group found that there is a truncation of loops A and B and an absence of loop C in AdhD (Campbell et al., 2013) and that the insertion of these loops in AdhD altered the substrate specificity along with an unexpected concomitant alteration in cofactor specificity in the oxidative direction. This motivated further investigation into the minimum insertion length required to alter the cofactor specificity of AdhD in the loop regions as opposed to the amino acids directly interacting with the 2′-phosphate group of NADP(H). Loop B is located at the back side of the adenine binding site of cofactor binding pocket and has no apparent interaction with the 2′-phosphate group of NADP(H) (Fig. 1a) . Thus, we decided to study the effect of mutations and single amino acid insertions at the loop B position. Homology models of AdhD and the mutants with NADP + suggest that the distance between loop B of AdhD and the 2′-phosphate group of NADP + is >10 Å (Fig. 1b-d ). Yet surprisingly, these conservative changes led to increased activity in some, and alteration of cofactor preference in all of the mutants evaluated. Similar effects have been reported upon mutation of side chains away from the 2′-phosphate group of NADP(H) in other nicotinamide cofactor-dependent dehydrogenase enzymes (Cahn et al., 2016) . Cahn et al. explored engineering cofactor specificity in NAD (P)(H)-dependent enzymes with different folds and identified a position on a helix (within 5 Å of the N6 atom of the NAD(P)H adenine moiety) that runs parallel to the cofactor adenine moiety. Mutations at this position led to changes in catalytic activity and cofactor specificity. However, this approach was ineffective for an enzyme with a TIM-barrel fold, as is found in the AKRs.
Based on previous mutagenesis work from our group in AKR enzymes, we made single mutations at loop B, which begins at 211th amino acid of AdhD. A homology model of AdhD shows that the distance between from N6 atom of the adenine moiety and amino acid 211 is 7-8 Å and the distance to amino acid 212 is 5-6 Å. The largest impacts on cofactor specificity were observed in when G211 was mutated to cysteine (G211C) and when cysteine was inserted between the 211 and 212 amino acids (G211InsC) of AdhD.
When mutations are made in the cofactor binding pocket at amino acids side chains interacting with the 2′-phosphate group of NADP(H), changes in the dissociation constant (K D , Table III ) and the ground-and transition-state binding energies can be observed the K249G/H255R mutant (Campbell et al., 2013) (Table V) . The mutants created in this work also resulted in substantial change in cofactor specificity in the oxidative direction (Fig. 2) ; however, these changes are not due to large changes in the dissociation constants for the cofactors (K D , Table III ) or in the ground-or transition-state binding energies of either cofactor (Tables IV and V) .
These results indicate that the mutations are instead affecting the interactions of the ternary enzyme/cofactor/substrate transition state. This is evidenced by the full steady-state kinetic behavior of all the mutants in the forward direction in the absence of products for the oxidation reaction using NAD + or NADP + as cofactors (Tables I, II and III). The mutations led to many changes in the kinetic parameters, but there was a striking increase (6-fold up to 90-fold) in every Michaelis constant for substrate (K B ) when NAD + was used as a cofactor. The results were more mixed with NADP + was used, where the K B values also increased for every mutant but some of the mutants exhibited only 2-to 4-fold differences. And, there was a consistent increase in the k cat value for every mutant with NADP + , which was not observed with NAD + was used as a cofactor.
There are several ways to compare the catalytic performance of mutant enzymes. For the ordered bi-bi enzymes, there are two Michaelis constant (K m ) values, thus complicating the comparison of the traditional k cat /K m . An alternative choice is to use the steadystate kinetic parameters to calculate on-and off-rates of the individual reaction steps and compare a ratio such as k 1 k 3 /k 2 . All of the mutants created exhibited a decrease in overall catalytic performance (k 1 k 3 /k 2 ) ss with NAD + as compared to wild type (Table I) .
With NADP + , several mutants exhibited similar or decreased performance, while mutants, G211S and G211InsG, had a 1.8-and 1.7-fold increase in this parameter, respectively. By comparing the ratio of this parameter between NADP + and NAD + as a cofactor, every mutant investigated resulted in a reversal of cofactor specificity. Two of the mutants (G211S and G211InsG) demonstrated activity with NADP + that exceeds that of the wild type, and two of the mutants (G211C and G211InsC) exhibit almost complete reversals in cofactor specificity (Table III, Fig. 2 ). The fact that single amino acid mutations or insertions at a site away from the 2′-phosphate group of NADP(H) affect cofactor specificity as dramatically as mutations within the cofactor binding pocket is useful. There are many reports of cofactor specificity engineering in the AKR family, but there are only few reports where reversal of cofactor specificity is achieved with retention or enhanced catalytic efficiency as compared to the wild type. Furthermore, in all these reports at least triple or quadruple mutations of amino acids involved in the binding of the 2′-phosphate group were required for switch in cofactor specificity (Rosell, 2003; Watanabe, 2005; Ehsani et al., 2009) . There have been reports on effects of distal single mutation on various NAD(P)H-dependent enzymes with different folds; however, they could not find beneficial mutation for enzymes with TIM barrel fold. Here, we have discovered a position in AdhD, an enzyme with TIM barrel fold, distal to the 2′-phosphate group, which can create mutants with activities with the non-preferred cofactor that exceeds the parental activity, and can lead to mutants with reversal of the cofactor specificity. This represents an extended approach for cofactor engineering in the AKR enzyme family with the TIM barrel fold.
Importance of work
There are well-established locations for mutagenesis to alter cofactor specificity in the aldo-keto reductases. We identified a position on the other side of the cofactor binding pocket where point mutations or single amino acid insertions produced increased activities and every mutant exhibited altered cofactor specificity. This mutation site may be useful in related enzymes.
Supplementary data
Three additional figures (SDS-PAGE of purified proteins, fluorescence titration curves of proteins with cofactors and CD spectra of the wild-type AdhD and mutants at 25°C and 80°C) can be found in Supplementary Information. Details of oligomers used for site-directed mutagenesis of AdhD are also provided in Supplementary Information. Supplementary data are available at Protein Engineering, Design & Selection online.
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